The ability of low pH and CO2 to induce rapid cell elongation and wall loosening in the Avena coleoptile has been examined with the use of a continuous growth-recording technique and an Instron extensometer, respectively. In particular, the properties of the response to hydrogen ions have been examined in detail and have been compared with the responses initiated by CO2 and auxin. The optimal pH for growth is about 3.0, and both the maximal growth rate and wall extensibility are similar to that produced by optimal auxin. The timing (initiated in less than 1 minute) and duration (up to 2 hours) of the response to hydrogen ions, as well as certain other aspects of the growth and wall-loosening responses, are described. It is shown that the pH response can be clearly separated from the CO2 response. Possible mechanisms for the initiation of the growth response to low pH are briefly discussed.
The ability of hydrogen ions to promote the growth of coleoptile segments has been known for some time; however, this particular phenomenon has not been extensively studied nor has it been described in any detail. In 1934, Bonner (1) reported that the growth of coleoptile sections was 8 times greater at pH 4.1 than at 7.2. He also noted that a low pH induced a rather large increase in the extensibility of the cell wall. Nitsch and Nitsch (9) reported that hydrogen ions had a stimulatory effect on cell enlargement both in the presence and absence of IAA. Evans (5) has also briefly studied the effect of hydrogen ions on elongation and was the first investigator to note the rapidity of the response. Menzel (8) has examined the effect of low pH on the extensibility O0 plasmolyzed Helianthus hypocotyl segments, and has reported that hydrogen ions increase the extensibility of cell walls. Unfortunately, the techniques used in this particular study do not lend themselves to direct comparison with other systems.
In this paper we shall describe in some detail the effect of hydrogen ions on the growth and wall extensibility of coleoptile segments. Because the effect described is in many ways similar to the effect of IAA on growth and wall properties, this information may lead to a more general understanding of the cell enlargement process.
The effect of C02-saturated solutions on the growth of coleop-tile segments was also investigated and compared with the hydrogen ion effect. The descriptive aspects of the CO2 response have been investigated in some detail by Evans and his co-workers (5, 7) . The response is initiated rapidly (lag 0-2 min) and lasts a relatively short time (about 30-60 min). However, since in most experiments CO2 was bubbled into water and the solution then tested (pH 3.8), it was never clearly established whether the effect was due to CO2 or H+. In this paper we shall show that the two responses can be separated and, indeed, appear to be quite different.
MATERIALS AND METHODS
The plant material used in this study consisted of 10-mm sections cut from the region 3 to 13 mm below the tip of Avena sativa var. 'Victory' coleoptiles. Avena seedlings were grown as described earlier (2) , and coleoptiles were used when they were 25 to 32 mm in length.
The elongation of coleoptiles was measured by the high resolution continuous recording technique of Evans and Ray (6) . Briefly, this method consists of positioning a vertical column of coleoptiles (in this case 12 10-mm sections) within a specially constructed glass chamber. A small weight is positioned on the uppermost coleoptile, and an arc lamp is used to cast a shadow of the weight onto a slit. The vertical displacement of the coleoptiles is continuously recorded on a piece of photographic paper moving horizontally behind the slit. The growth curves shown are direct tracings from such shadowgraphic records with the magnification factors and time scales indicated.
Extension analysis of the cell walls was performed with an Instron TM-S linear extensometer as previously described (3) . Briefly, the procedure consists of incubation of the sections in the desired medium, followed by killing the sections in boiling methanol, deproteinizing with pronase, and then subjecting the sections to force-extension analysis. The capacity for irreversible extension is expressed as percentage of irreversible extension per 100 g of load. These values are proportional to the plastic compliance since there is no significant change in the mass of the coleoptile during the rather short time intervals used in these experiments. For Experiments with CO2 were performed by saturating the appropriate solution (see figure legends) with 100% CO2 before its addition to the growth chamber, and then followed by subsequent treatment with CO2 bubbled into the chamber for the duration of the experiment. In all experiments, the final pH of the CO2-saturated solution was measured. Figure 1 . The rates presented are for the maximal rate achieved at any given pH. A maximal rate was generally achieved within 1 min and persisted for at least 15 min, after which the rate began to decline. As can be seen, the greatest stimulation of growth was achieved at a pH of 2.6 to 3.0. At pH lower than 2.6, little growth was induced; in fact, shrinkage was observed in some experiments, suggesting that these pH levels damage the cell membranes. Since the maximal response was initiated at a pH of approximately 3.0, this pH was used for most of the experiments described below.
The effect of various pH levels on the plastic extensibility of coleoptile segments is also shown in Figure 1 . Note that the general shape of the curve is similar to that for growth except at the lowest pH levels. That is, as the pH is lowered, extensibility does not seem to reach a maximum at about pH 3.0 and then decline, but rather remains high even at pH levels that did not stimulate growth. In this respect (wall loosening without accompanying growth) the response is similar to that induced by superoptimal concentrations of auxin (3).
In Figure 2 the time course of growth and extensibility at pH 3.0 can be seen. The growth response is rapidly initiated (less than 1 min), and a steady rate is achieved which lasts, in this case, about 30 min. The rate then begins to decline, finally reaching a very low rate. The time course of the growth response to hydrogen ions can vary considerably; however, the time course presented in Figure 2 is representative. Note that in the time course of plastic extension, extensibility increases rapidly but does not reach a maximum until well after the growth response has ceased.
In Table I data are presented which show that the response being studied is indeed an effect of hydrogen ions, and not an effect due to the particular type of buffer used. In Figure 3 the effect of varying the molarity of the buffer solution and its subsequent effect on wall extensibility is shown. As can be seen, there is no difference in extensibility when buffers in the physiological range are used; however, at relatively high molarities, extensibility declines. This is similar to the situation encountered when one measures the extensibility of coleoptiles treated with IAA in varying concentrations of mannitol (4) . Note also that the amount of extensibility induced by IAA is approximately the same as that caused by treatment at pH 3.0.
In Figure 4 it can be seen that by changing the incubation solution from pH 3.0 to pH 7.0 the growth response is stopped rapidly. That is, low pH does not act like a trigger but must be present continuously for rapid growth to occur. In Figure 4 it can also be seen that once a hydrogen ion response is terminated by a buffered solution at pH 7.0, it cannot be reinitiated by a second pH 3.0 treatment. This is true even when the initial treatment at pH 3.0 is short and the intermediate treatment Extensibility is expressed at percentage of plastic extension/100-g load. 7 .0 rather long. It In Figure 5 it can be seen that wall extensibility also declines when segments are transferred from pH 3.0 to pH 7.0, and also that the time course of this effect roughly parallels the growth response.
It might be argued that a second pH response does not occur because of some unrepairable damage to the cell wall extension mechanism during the intermediate pH 7 .0 treatment. To test this possibility, segments were incubated for various times in a buffered solution at pH 3.0 and were returned to pH 7.0 to which IAA was then added. In Figure 6 it can be seen that the segments did respond to LAA, and therefore, the ability for at least that particular type of cell expansion is still intact. Furthermore, the lag preceding the response and the final rate produced appear to be normal.
In order to determine whether the pH response described here is similar to the CO2 response described by Evans and his coworkers (5, 7), the following experiments were performed. In Figure 7 the growth rate of segments in buffer at pH 3.8 was compared with the growth rate produced by C02-saturated water (pH 3.8). Obviously the CO2 effect was not simply due to the pH of C02-saturated water. In Figure 7 also shown. Clearly, CO2 has a growth-promoting effect at a hydrogen ion concentration which itself produces no growth. In Figure 8 it is shown that one can generate a CO2 response after a pH response; that is, under conditions in which one does not see a hydrogen ion effect. Clearly then, one can separate the effect of H+ from the effect of CO2 on growth.
DISCUSSION
The ability to induce rapid cell elongation is one of the most characteristic and extensively studied features of auxin action. Because this ability is restricted to only a few other agents, such as low pH levels and C02, characterization of the growth promotions caused by these agents may provide useful information on the control of cell elongation and the mechanism of auxin action. This study details the effect of low pH on growth and wall extensibility of Avena coleoptile sections and also demonstrates that the H+ effect is different from the effect of CO2 on growth.
Stimulation of coleoptile growth and wall extensibility by acidic solutions was first noted by Bonner (1) and was confirmed by Nitsch and Nitsch (9) and Evans (5) . Menzel (8) A comparison of the pH response with the growth responses initiated by CO2 (7) and auxin (6) suggests that the three processes are unique and different. Evans (5) has suggested that the CO2 response might primarily be a response to the lowered pH produced when CO2 is bubbled through water. However, there are several reasons for believing that the responses are different. The maximal growth rate caused by CO2 is greater than the maximal rate produced by hydrogen ions. Furthermore, Avena coleoptiles show only a modest growth response at pH 3.8, which is the pH of C02-saturated water. More important, however, Avena coleoptiles are capable of responding to CO2 after a pretreatment with low pH, even though they are incapable of responding a second time to lowered pH levels.
The pH response more closely resembles the auxin response; both produce almost the same maximal growth rate and wall extensibility. As with auxin, wall extensibility rises rapidly following a lowering of the pH, but does not reach a maximum until 1t2 to 2 hr later. With both auxin-and low pH-stimulated growth, the inducing agent must continue to be present if rapid growth is to continue.
The possibility that the pH-and auxin-induced growth responses share a common mechanism must be considered. Bonner (1) suggested that low pH acts by activating endogenous auxin. This seems unlikely for three reasons. First, growth is initiated by hydrogen ions with virtually no lag, whereas auxin-induced growth generally occurs only after a lag period of 8 to 12 min. Secondly, if auxin activation was involved, one would expect that when sections were given a short treatment (e.g., 20 min) at pH 3.0 and then were returned to pH 7.0 or pH 4.7, growth would continue. That is, once the auxin was released, the external pH would seem to be unimportant inasmuch as coleoptiles are capable of undergoing normal auxin-induced growth in the presence of buffers ranging from pH 4.7 to 7.0. Thirdly, auxininduced growth is sensitive to a number of inhibitors which have no effect on the response initiated by hydrogen ions. For example, pretreatments with 10 ,ug/ml of cycloheximide for up to 90 min have no effect on the pH response, whereas any response to IAA is completely eliminated (Rayle, unpublished data). It seems more likely that low pH values act in parallel or subsequent to the site of auxin action, but lead to the same final growth-producing process, namely, a loosening of the cell wall.
The exact mechanism by which low pH values can lead to wall loosening is unknown; nevertheless, one could suggest at least two general modes of action. On one hand, hydrogen ions might exert a purely physical or chemical effect on the wall, such as cleavage of some acid-labile bonds, which might result in a loosened cell wall. Alternatively, hydrogen ions may activate directly or indirectly, the normal enzymatic processes which lead to wall loosening. In the first case the cell wall bonds affected by the hydrogen ions and by auxin might be completely different, whereas in the second case they would necessarily be the same.
The present data do not seem to favor one explanation over the other; however, future work will be directed toward answering this question.
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